Introduction {#s1}
============

The defining characteristic of transfer cells (TCs) is their wall labyrinth, which forms a superstructure to support an amplified surface area of plasma membrane enriched in membrane transporters that confers an enhanced capacity for nutrient transport ([@CIT0030]; [@CIT0002]). Reticulate wall labyrinths of TCs are comprised of a uniform wall layer from which wall ingrowth (WI) papillae arise. The inward-directed WI papillae subsequently branch and fuse to form a fenestrated layer of wall material parallel to the uniform wall layer, a process that is repeated to construct the wall labyrinth ([@CIT0002]). To understand the mechanisms and regulatory signals responsible for constructing reticulate wall labyrinths, our investigations have focused on the assembly of the uniform wall layer and the first round of WI papillae formation.

When cotyledons of *Vicia faba* are cultured ([@CIT0029]), their adaxial epidermal cells rapidly *trans*-differentiate into TCs ([@CIT0050]) that are morphologically ([@CIT0042]) and functionally ([@CIT0009]) equivalent to their *in vivo*-formed abaxial counterparts. *Trans*-differentiation to form the wall labyrinth, polarized to the outer periclinal wall, is regulated by a signalling cascade initiated by a culture-induced rise in auxin levels ([@CIT0007]). An auxin maximum up-regulates ethylene biosynthesis ([@CIT0059]) that in turn promotes a burst in extracellular H~2~O~2~ responsible for switching on deposition of the uniform wall layer ([@CIT0001]; [@CIT0001]). Co-regulated by ethylene and H~2~O~2~, a Ca^2+^ signal, organized as localized inward-directed plumes of elevated concentrations of cytosolic Ca^2+^ (\[Ca^2+^\]~cyt~), defines loci at which WI papillae are assembled but exerts no influence on the extracellular reactive oxygen species (ROS)-dependent construction of the polarized uniform wall layer ([@CIT0001], [@CIT0001]; [@CIT0055], [@CIT0057]).

How the Ca^2+^ plumes direct localized deposition of WI papillae is unknown. One key target for \[Ca^2+^\]~cyt~ regulation of WI papillae formation is through a Ca^2+^ concentration-dependent remodelling of the cytoskeleton to modify the flows of vesicles containing cell wall building materials that are known to play a central role in controlling cell shape ([@CIT0041]). However, while the microtubule array of *trans*-differentiating epidermal cells undergoes a \[Ca^2+^\]~cyt~-dependent remodelling, in common with tip growth of root hairs and pollen tubes ([@CIT0014]), WI papillae formation has been found to be microtubule independent ([@CIT0019]).

Tip growth of root hairs and pollen tubes is regulated by polarized flow of vesicles along a Ca^2+^-dependent remodelled actin cytoskeleton that is linked with exo- and endocytosis ([@CIT0014]). Since construction of WI papillae occurs as a tip-focused phenomenon ([@CIT0002]), this raises the possibility that a similar actin-mediated regulatory mechanism also applies to WI papillae formation. In support of this contention, TC-specific transcripts of a gene encoding actin re-modelling proteins, *Villin-4*, were found to be expressed during WI papillae construction ([@CIT0019]). Also detected were transcripts of genes encoding proteins involved in polarized exo- and endocytosis, respectively exocyst complex component *SEC3A-like* and *Dynamin 2B-like*.

Based on the homology of WI papillae construction with tip growth and the TC-specific expression of actin remodelling and vesicle trafficking genes linked with polarized cell development, we tested the hypothesis that Ca^2+^ regulation of WI papillae construction is mediated by polarized vesicle trafficking along a Ca^2+^-dependent remodelled actin network coupled with polarized exocytosis and possibly endocytosis. In the absence of a *V. faba* transformation system, the study relied on pharmacologically perturbing actin remodelling, polarized vesicle trafficking, and exo- and endocytosis of the *trans*-differentiating adaxial epidermal cells and recording the responses of the actin network, vesicle trafficking, and wall labyrinth formation. The cell biology observations were complemented by identifying actin remodelling, vesicle trafficking, and exo- /endocytosis gene transcripts differentially and specifically expressed in *trans*-differentiating epidermal cells. Overall, the findings were consistent with the hypothesis that Ca^2+^-regulated formation of WI papillae was mediated through Ca^2+^ orchestrating the remodelling of the actin network and directing polarized vesicle trafficking.

Materials and methods {#s2}
=====================

Plant growth conditions {#s3}
-----------------------

*Vicia faba* L. cv. Fiord plants were raised under controlled environmental conditions according to [@CIT0059].

Cotyledon culture {#s4}
-----------------

Cotyledons (80--120 mg FW per cotyledon) were aseptically cultured on a modified liquid [@CIT0028] (MS) medium lacking agar and sucrose ([@CIT0001]), with osmolality adjusted to 315 mOsmol kg^−1^ using betaine (262 mM). Sister cotyledons were divided between MS media either with or without pharmacological agents at specified concentrations (see figure legends and tables for details) and cultured in darkness at 26 °C for 15 h unless stated otherwise. Each pharmacological agent was applied at a concentration that did not negatively impact cell viability, as verified by staining tissue sections of cultured cotyledons with 0.1% (w/v) Tetrazolium Blue.

Visualization of the actin network and wall ingrowth papillae by confocal laser scanning microscopy {#s5}
---------------------------------------------------------------------------------------------------

To visualize the actin network, cotyledons were fixed in 2% paraformaldehyde, 5 mM MgCl~2~, 10 mM EGTA, 1% (v/v) glycerol, 0.1% (v/v) TritonX-100 in 0.1 M PIPES (pH 7.0) for 30 min and washed 2 × 5 min in 0.1 M PIPES buffer (pH 7.0) containing 5 mM MgCl~2~ and 10 mM EGTA (protocol modified from [@CIT0033]). Paradermal free-hand sections of fixed cotyledon adaxial epidermis were stained with 2 units of Rhodamine-phalloidin (Molecular Probes, Eurgon, USA) for 30 min and excess stain removed by washing sections for 5 min in phosphate-buffered saline (PBS) buffer, pH 7.0. Stained sections were counterstained with 0.1% (w/v) Calcofluor White for 30 s to outline the walls of adaxial epidermal cells before mounting in 200 µl PBS buffer on microscope slides. An Olympus FV 1000 CLSM (confocal laser scanning microscope) with diode-pumped solid-state lasers, combined with an acousto-optic tunable filter (AOTF) laser, was used to visualize the adaxial epidermal cells with a 60× oil immersion objective (NA1.25). A 405-nm UV laser (50 mW, power set to 15%) with a 440--490 nm emission filter set detected the Calcofluor White fluorescence. The focal plane for visualizing the outer periclinal cell wall/cytoplasmic interface was set where the Calcofluor White fluorescence faded. Thereafter, a 559-nm diode laser (15 mW, power set to 25%) with a 550--620 nm emission filter set captured fluorescent images of the Rhodamine-phalloidin-stained actin network at specified *Z* depths from the outer periclinal cell wall/cytoplasmic interface. The images were converted and analysed in FLUOVIEW Viewer 4.0.

To investigate the spatial relationship between the actin network and WI papillae, paradermal cotyledon sections ([Fig. 1A](#F1){ref-type="fig"}) were stained with 2 units of Alexa-488 phalloidin, as described above, to avoid overlap of emission spectra with that of the cell wall stain, Congo Red. These stained sections were then post-stained with filtered 0.5% (w/v) aqueous Congo Red (Sigma, Australia) for 1 min to visualize WI papillae. A 473-nm diode laser (15 mW, laser power set to 25%) with a 510--550 nm emission filter set captured Alexa-488 phalloidin fluorescence, while a 559-nm diode laser (15 mW, laser power set to 20%) with 610--660 nm emission filter set detected Congo Red. A 60× oil immersion objective (NA1.25) was used to visualize the tissue sections.

![Schematic diagrams of adaxial epidermal cells illustrating the optical planes at which cells were visualized in paradermal (A) and transverse (B) sections. In (A), the long and short axes of the adaxial epidermal cells at their outer periclinal cell wall/cytoplasmic interface are illustrated with red and blue arrows, respectively.](erx31501){#F1}

Visualization of the wall labyrinth by transmission and scanning electron microscopy {#s6}
------------------------------------------------------------------------------------

To assess the impact of the pharmacological agents on formation of the uniform wall layer, ultrathin transverse sections of epidermal cells ([Fig. 1B](#F1){ref-type="fig"}) were visualized with a JEOL 1200 EX II TEM (JOEL, Japan), as previously described ([@CIT0019]). Wall thicknesses were estimated using ImageJ software (<http://rsbweb.nih.gov/ij/>). Given that the thickness of the uniform wall layer is uneven across the outer periclinal wall, the average thickness was estimated from measures of cross-sectional areas divided by their corresponding cell widths (i.e. nm^2^ nm^−1^ = nm). A Phillips XL30 SEM (Phillips, The Netherlands) was used to visualize WI papillae on the cytoplasmic faces of the outer periclinal walls of fractured adaxial epidermal peels, prepared as described in [@CIT0019]).

Monitoring vesicle trafficking {#s7}
------------------------------

To visualize vesicle trafficking in adaxial epidermal cells, transverse free-hand sections ([Fig. 1B](#F1){ref-type="fig"}) were prepared from cotyledons that were either freshly harvested or cultured for 15 h in the absence/presence of specified pharmacological agents. Sections were loaded with 4 μM FM4-64FX (Molecular Probes, Eurgon, USA), an endocytotic marker ([@CIT0004]), for 10 min by which time the FM4-64FX fluorescence had reached levels compatible for imaging by CLSM. The loaded sections were mounted in PBS buffer with 100 mM sucrose and placed on microscope slides. A 559-nm diode laser (15 mW, laser power set to 25%) with a 720--770 nm emission filter set (recommended by Molecular Probes) and a 60× oil immersion objective (NA1.25) were used to visualize FM4-64FX fluorescence. The narrow (1 µm) band of cytoplasm in *trans*-differentiating epidermal cells prevented us from distinguishing the fluorescence of FM4-64FX localized to the plasma membrane from that of FM4-64FX-labelled endocytotic vesicles released to the cytoplasm. This problem was mitigated by observing sections of cotyledons incubated on the endo-/exocytotic blocker Brefeldin A (BFA), which restricted FM4-64FX to the plasma membrane. Captured images were converted and analysed in FLUOVIEW Viewer 4.0. Total fluorescence intensities of specified regions of adaxial epidermal cells were measured using ImageJ software corrected for the FM4-64FX fluorescence detected in BFA-treated cells (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"} at *JXB* online).

RNAseq expression analysis of genes related to actin and vesicle trafficking {#s8}
----------------------------------------------------------------------------

A previously published *de novo* assembled and validated RNAseq data set, derived from *trans*-differentiating adaxial epidermal and underlying storage parenchyma cells of cultured *V. faba* cotyledons harvested at 0, 3, and 12 h of culture ([@CIT0019]), was supplemented with an additional three replicates derived from epidermal peels. The cDNA sequence datasets of raw reads, and the assembled reference transcriptome library supporting the results, are deposited at the European Nucleotide Archive (ENA) with the accession number PRJEB8906 (<http://www.ebi.ac.uk/ena/data/view/PRJEB8906>). Transcripts were annotated using Blast2GO against the NCBI Genbank ([@CIT0019]) and using Mapman Mercator ([@CIT0024]) against TAIR, Uniprot, TIGR, KOG and Interpro scan.

Genes encoding proteins known to be involved in actin remodelling and polarized vesicle trafficking, and specifically and differentially expressed in *trans*-differentiating epidermal cells, were identified using the following criteria: mapped reads per kilo base per million reads (RPKM) \>1 at 3 or 12 h of cotyledon culture, log~2~-fold change (FC) \>1 from 0 to 3 h or 3 to 12 h of cotyledon culture, or sustained up-regulation from 0 to 3 h to 12 h of culture with a false discovery rate (FDR) corrected *P* value \<5% determined using LimmaR (see [@CIT0036]). In specified cases, where encoded proteins involved in actin remodelling or vesicle trafficking were known to be Ca^2+^-sensitive, these criteria were relaxed. Functions of encoded proteins were inferred by best-fit percentage amino acid alignment with their closest Arabidopsis homolog. [Supplementary Table S2](#sup1){ref-type="supplementary-material"} summarizes bioinformatic details of transcripts identified by the above criteria detected in epidermal and storage parenchyma cells of cultured cotyledons. [Supplementary Table S3](#sup1){ref-type="supplementary-material"} lists bioinformatic details of transcripts reported in [@CIT0019]; see their [supplementary table S9](#sup1){ref-type="supplementary-material"}) that are absent from [Supplementary Table S2](#sup1){ref-type="supplementary-material"} as these transcripts did not satisfy the search criteria.

Statistical test of spatial correlation between short, thin actin bundles and wall ingrowth papillae {#s9}
----------------------------------------------------------------------------------------------------

Spatial association between short, thin actin bundles and WI papillae in adaxial epidermal cells was verified statistically. The number and co-ordinates of WI papillae and the number of short, thin actin bundles within the focal plane of the CLSM were recorded in each adaxial epidermal cell that had been co-stained with Congo Red to visualize WI papillae and Alexa-488 phalloidin to visualize actin. The R software package ([@CIT0035], V3.3.1) with the library spatstat ([@CIT0003]) was used to run simulations where, using their measured diameter and length, the number of short, thin actin bundles recorded in the cell were laid down in a random pattern over the WI papillae, which were spaced according to their measured co-ordinates. The number of the bundles with their end(s) proximal to WI papillae was recorded, with 1000 simulations performed in each cell. The number of associations from the random simulation data were then compared with those measured from the co-stained cells with significance assessed as single-tail *P*-values determined as the proportion of random simulations yielding an equal or higher percentage of short, thin actin bundles associated with the WI papillae. Note that the criterion of association was determined as the distance between ends of short, thin actin bundles with a distance of \<400 nm to the centre of the WI papillae, this being consistent with the association measured from the co-stained cells. A total of 15 cells were tested. Data were expressed as percent of WI papillae associated with end(s) of one or more short, thin actin bundles (see [Supplementary Table S4](#sup1){ref-type="supplementary-material"}, which includes the R code used for the simulations).

Results {#s10}
=======

Construction of wall ingrowth papillae, but not the uniform wall layer, is dependent on actin {#s11}
---------------------------------------------------------------------------------------------

To assess whether the actin network regulated wall labyrinth construction in *trans*-differentiating adaxial epidermal cells, cotyledons were cultured for 15 h in the presence/absence of latrunculin B, which depolymerizes actin ([@CIT0039]), or jasplakinolide, an actin stabilizer that prevents actin remodelling ([@CIT0018]). To ensure sufficient uptake of the drugs prior to TC *trans*-differentiation commencing, cotyledons were first cultured for 4 h on the ethylene biosynthesis inhibitor, aminoethoxyvinylglycine (AVG) to block TC induction ([@CIT0059]) either with or without latrunculin B or jasplakinolide.

At 4 h of culture on AVG, an intact actin network, composed of actin bundles aligned parallel to the long axis of the cell (see [Fig. 1A](#F1){ref-type="fig"} for orientation), was evident in control cells ([Fig. 2A](#F2){ref-type="fig"}). In contrast, in 90% of cells exposed to latruculin B, the actin network was depolymerized, leaving only a smear of actin fluorescence ([Fig. 2B](#F2){ref-type="fig"}, compare with [2A](#F2){ref-type="fig"}), while in 88% of cells exposed to jasplakinolide, most actin bundles were aligned along the short axis ([Fig. 2C](#F2){ref-type="fig"}, compare with [2A](#F2){ref-type="fig"}; see [Fig. 1A](#F1){ref-type="fig"} for orientation). This jasplakinolide-induced re-organization of actin bundles has been reported in other plant cells ([@CIT0005]).

![Effect of actin depolymerizing and stabilizing drugs on the actin network, and deposition of the uniform wall layer and WI papillae, in *trans*-differentiating adaxial epidermal cells of cultured *V. faba* cotyledons. Cotyledons were cultured for 4 h in the absence (A, D, G, J) or presence of 100 nM of the actin-depolymerizing drug latrunculin B (B, E, H, K) or 100 nM of the actin-stabilizing drug jasplakinolide (C, F, I, L) together with 100 μM, aminoethoxyvinylglycine (AVG) to inhibit initiation of *trans*-differentiation to a TC morphology (A--C). Thereafter, cotyledons were transferred to AVG-free media and cultured for a further 15 h (D--L). (A--F) Representative CLSM images of the actin network visualized with Rhodamine-phalloidin at the outer periclinal cell wall/cytoplasmic interface (*Z*-depth 0 nm). Comparing (A) with (B) and (C) illustrates the depolymerizing (B) and stabilizing (C) effects of latrunculin B and jasplakinolide on the actin network after the 4-h pre-treatment. By 15 h of culture, following induction of TC *trans*-differentiation, these effects remain unchanged (E, F) except for actin bundles being re-orientated to a more transverse configuration in the jasplakinolide treatment (arrowheads in F). In the absence of the drugs (D), the actin network was remodelled by fragmentation into short actin bundles (arrowheads in D, compare those in A). Actin-free zones (arrows in B, E) are likely to be occupied by mitochondria (1.17 ± 0.03 µm in length; diameter 0.46 ± 0.01 µm; *n*=100). (G--I) Representative TEM images of transverse sections of the outer periclinal wall of adaxial epidermal cells illustrating the uniform wall layer (brackets). The arrowhead in (G) indicates a WI papilla. (J--L) Representative SEM images of the cytoplasmic face of the outer periclinal wall of adaxial epidermal cells. Note WI papillae in (J) (arrowheads) but no papillae in (K) and (L). Scale bar represents 5 μm in (A--F) and 500 nm in (G--I).](erx31502){#F2}

Transferring cotyledons to an AVG-free MS medium for a further 15 h allowed TC *trans*-differentiation to proceed with the construction of the uniform wall layer and WI papillae ([Fig. 2G](#F2){ref-type="fig"}, [J](#F2){ref-type="fig"}). Coincidentally the actin network located at the outer periclinal cell wall/cytoplasmic interface was fragmented into short actin bundles ([Fig. 2D](#F2){ref-type="fig"}, compare with [2A](#F2){ref-type="fig"}). In contrast, the effects of latrunculin B and jasplakinolide on the actin network, evident after the 4-h treatment, were unchanged (compare [Fig. 2B](#F2){ref-type="fig"} with [2E](#F2){ref-type="fig"} and [Fig. 2C](#F2){ref-type="fig"} with [2F](#F2){ref-type="fig"}, respectively). Significantly, WI papillae construction ([Table 1](#T1){ref-type="table"}; [Fig. 2J](#F2){ref-type="fig"}) was inhibited by latrunculin B and jasplakinolide ([Table 1](#T1){ref-type="table"}; [Fig. 2K](#F2){ref-type="fig"}, [L](#F2){ref-type="fig"}) while the polarized deposition and thickness of the uniform wall layer was unaffected ([Table 1](#T1){ref-type="table"}; [Fig. 1H](#F1){ref-type="fig"}, [I](#F1){ref-type="fig"}, compare with [2G](#F2){ref-type="fig"}). The thicknesses of the anticlinal and inner periclinal walls were also unchanged ([Table 1](#T1){ref-type="table"}). Collectively, these results were consistent with WI papillae construction being dependent upon a remodelled actin network, while deposition of the uniform wall layer was independent of actin.

###### 

*Effect of actin network remodelling on deposition of the uniform wall layer and WI papillae in* trans*-differentiating adaxial epidermal cells of cultured* V. faba *cotyledons.*

Cotyledons were pretreated for 4 h in the presence of the ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) with or without latrunculin B or jasplakinolide. They were then transferred to media without AVG but containing the remaining treatments to induce TC *trans*-differentiation and cultured for a further 15 h. Data are means ±SE. Wall thickness was determined from 15 cells per cotyledon (*n*=90) and percentage of cells with WI papillae was determined from 100 cells per cotyledon using six replicate cotyledons (*n*=6).

  Treatment                 Thickness (nm)   \% cells with WI papillae                        
  ------------------------- ---------------- --------------------------- ---------- --------- --------
  Control                   672 ± 18         140 ± 9                     192 ± 16   197 ± 4   88 ± 2
  Latrunculin B (100 nM)    671 ± 20         132 ± 8                     187 ± 15   201 ± 7   22 ± 1
  Jasplakinolide (100 nM)   685 ± 16         147 ± 10                    200 ± 17   205 ± 6   15 ± 3

Remodelling of the actin network and construction of wall ingrowth papillae are temporally and spatially correlated {#s12}
-------------------------------------------------------------------------------------------------------------------

The progressive temporal change in organization of the actin network was characterized by the long actin bundles becoming thinner (179 ± 3 nm diameter, *n*=120) and beginning to fragment (length 19.6 ± 0.6 µm, n=120; compare [Fig. 3A](#F3){ref-type="fig"} with [3B](#F3){ref-type="fig"}; [Table 2](#T2){ref-type="table"}). Subsequent gradual fragmentation ([Fig. 3A](#F3){ref-type="fig"}, compare with [3C](#F3){ref-type="fig"}) resulted in predominately short, thin actin bundles with an occasional long bundle being detected (compare [Fig. 3D](#F3){ref-type="fig"} with [3A](#F3){ref-type="fig"}; [Table 2](#T2){ref-type="table"}). Significantly, percentages of adaxial epidermal cells exhibiting a remodelled actin network across the *trans*-differentiation period were found to follow a temporal profile strongly correlated (*R*^2^\>0.98) with that for WI papillae construction ([@CIT0050]), the latter being displaced by a lag period of approximately 1 h ([Fig. 3E](#F3){ref-type="fig"}).

![Temporal pattern of actin network remodelling and WI papillae formation in *trans*-differentiating adaxial epidermal cells of cultured *V. faba* cotyledons. (A--D) Representative CLSM images of the actin network visualized with Rhodamine-phalloidin at the outer periclinal cell wall/cytoplasmic interface. The long actin bundles (arrowheads in A and B) aligned parallel to the long axis of the cell (A) become thinner and begin to fragment (B), before progressively fragmenting into short lengths (arrowheads in C, D). Shared walls between two adjoining cells are indicated by square brackets on the images. The scale bar represents 5 μm. (E) Percentage of cells exhibiting a remodelled actin network (squares) or WI papillae (circles; data from [@CIT0050]) over a 15-h period of cotyledon culture. An adaxial epidermal cell containing a 'remodelled network' was defined as a cell with over 50% of the outer periclinal cell wall/cytoplasmic interface (*Z*-depth 0 nm) being occupied by short actin bundles. Data for actin network remodelling are means ±SE from 100 cells per cotyledon with four replicate cotyledons per time interval (*n*=4).](erx31503){#F3}

###### 

*Actin bundle dimensions* in trans*-differentiating adaxial epidermal cells of cultured* V. faba *cotyledons.*

Cotyledons were freshly harvested or cultured for 15 h. Paradermal sections of the cotyledons were stained with Rhodamine-phalloidin and visualized by CLSM at the outer periclinal cell wall/cytoplamic interface (*Z*-depth 0 nm), 500 nm, or 750 nm into the cytoplasm. Note that for 15-h cultured cotyledons differing populations of short actin bundles were detected, namely circular and linear actin bundles at 0 nm *Z*-depth, and linear actin bundles at 500 and 750 nm *Z*-depth. Data are means ±SE of 10 actin bundles per cell, three cells per cotyledon from four replicate cotyledons per treatment (*n*=120). The orientation of actin bundles was expressed as the percentages of total actin bundles scored from 12 cells from four replicate cotyledons (*n*=4).

  Culture time (h)   *Z*-depth (nm)   Actin bundle                                         
  ------------------ ---------------- -------------- ------------ --------- -------------- --------
  0                  0                Linear         30.1 ± 0.7   222 ± 7   100 ± 0        0 ± 0
  500                Linear           31.0 ± 0.8     228 ± 10     97 ± 1    3 ± 1          
  750                Linear           32.3 ± 0.9     238 ± 11     97 ± 1    3 ± 1          
  15                 0                Linear         1.1 ± 0.1    150 ± 4   89 ± 2         11 ± 2
  0                  Circular         1.2 ± 0.1\*    152 ± 4      N/A       N/A            
  500                Linear           1.0 ± 0.1      157 ± 6      43 ± 3    57 ± 3^\*\*^   
  750                Linear           30.6 ± 0.6     225 ± 5      93 ± 2    7 ± 2          

\* Measured as circumference.

\*\* Diameter of vertical actin bundles: 177 ± 13 nm (*n*=120).

To evaluate the spatial relationship between actin remodelling and WI papillae construction, we examined whether actin remodelling was restricted to the depth to which WI papillae protrude into the cytoplasm (i.e. 500 nm; [@CIT0019]). To this end, paradermal CLSM images were taken at 250-nm intervals to trace the spatial profile of actin bundle fragmentation deeper into the cytoplasm from the outer periclinal cell wall/cytoplasmic interface ([Fig. 4B](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}, [H](#F4){ref-type="fig"}). Prior to TC induction, long actin bundles, aligned parallel to the longitudinal cell axis, extended throughout the cytoplasm ([Fig. 4A](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}, [E](#F4){ref-type="fig"}, [G](#F4){ref-type="fig"}). In contrast, after 15 h of culture, actin bundle fragmentation was evident up to, and including, 500 nm deeper into the cytoplasm from the outer periclinal cell wall/cytoplasmic interface ([Fig. 4B](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}). In contrast, at 750 nm there was no evidence of actin bundle fragmentation ([Fig. 4H](#F4){ref-type="fig"}). This analysis indicated that actin network remodelling was confined to the cytoplasmic depth into which WI papillae extend.

![The relationship between the extent of actin bundle severance and distance from the outer periclinal cell wall/cytoplasmic interface in *trans*-differentiating adaxial epidermal cells of cultured *V. faba* cotyledons. The figure shows representative *Z*-stacks of CLSM images of the actin network visualized with Rhodamine-phalloidin in a single adaxial epidermal cell of cotyledons cultured for 0 h (A, C, E, G) or 15 h (B, D, F, H). The focal plane was located at the outer periclinal cell wall/cytoplasmic interface (A, B), i.e. at 0 nm, or inward into the cytoplasm at 250 nm intervals, as indicated. At 0 h of culture, long actin bundles characterized the actin network up to 750 nm into the cytoplasm (arrows in A, C, E, G). After 15 h in culture, short actin bundles were present from the outer periclinal cell wall/cytoplasmic interface (B) to 500 nm (F). These short bundles were linear in shape and oriented either horizontally (single arrowheads in B, D, F) or vertically (paired arrowheads in B, D, F) to the focal plane. A population of longer actin bundles was also evident throughout the cytoplasm to a depth of 500 nm (for example, arrows in D, F). At 750 nm the actin bundles were equivalent in length and diameter to those of 0-h cultured cotyledons (compare H with G). The scale bar represents 5 µm.](erx31504){#F4}

A more detailed examination of the actin network of 15-h cultured cotyledons at their outer periclinal cell wall/cytoplasmic interface identified two populations of short actin bundle shapes, circular and linear ([Fig. 5A](#F5){ref-type="fig"}). Significantly, the inner diameters of circular actin bundles (464 ± 42 nm; *n*=100) corresponded with diameters of WI papillae ([@CIT0019]), suggesting that they may form rings around initiating papillae ([Fig. 5A](#F5){ref-type="fig"}). Both types of actin bundles were similar in circumference/length and diameter ([Table 2](#T2){ref-type="table"}). However, the short linear bundles were possibly located deeper into the cytoplasm than the circular ones ([Fig. 5A](#F5){ref-type="fig"}) and were present up to 500 nm into the cytoplasm ([Fig. 4F](#F4){ref-type="fig"}). At 500 nm, the short linear bundles were of comparable dimensions to those located at the outer periclinal cell wall/cytoplasmic interface ([Table 2](#T2){ref-type="table"}) and accounted for 83 ± 3% (*n*=50) of the total actin bundle population. At increasing depths into the cytoplasm, the proportions of horizontally to vertically orientated linear bundles (appearing as dots of comparable diameter, [Table 2](#T2){ref-type="table"}) changed from 89% at the outer periclinal wall/cytoplasmic interface to 43% at 500 nm ([Table 2](#T2){ref-type="table"}; [Fig. 4B](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}). Another population of longer (7.5 ± 1.5 nm; *n*=120) linear bundles, with diameters equivalent to those of longitudinal bundles prior to culture (195 ± 12; *n*=120, compare with [Table 2](#T2){ref-type="table"}), accounted for 14--20% of actin bundles up to 500 nm ([Fig. 4B](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}). Deeper into the cytoplasm at 750 nm, the short actin bundles were replaced by long and thick bundles of similar dimensions to those found in epidermal cells prior to culture ([Fig. 4H](#F4){ref-type="fig"}; [Table 2](#T2){ref-type="table"}).

![The spatial relationship between the remodelled actin network and developing WI papillae in *trans*-differentiating adaxial epidermal cells of cultured *V. faba* cotyledons. Cotyledons were cultured for 15 h before preparing paradermal sections and staining these with Rhodamine-phalloidin alone or with Alexa-488 phalloidin and Congo Red. Representative CLSM images are shown. (A) The outer periclinal cell wall/cytoplasmic interface of cells stained with Rhodamine-phalloidin alone. Arrowheads indicate actin collars and arrows indicate linear short actin bundles. (B--D) Image at 500 nm inward from the outer periclinal cell wall/cytoplasmic interface, showing (B) the remodelled actin network stained with Alexa-488 phalloidin, (C) WI papillae stained with Congo Red, and (D) a digital overlay of (B) and (C). WI papillae (C, D) are indicated by arrowheads, highlighting their spatial relationship with the linear actin bundles in (D). The scale bar represents 5 µm.](erx31505){#F5}

The spatial relationship between short actin bundles and tips of WI papillae was explored using higher magnification images at the 500-nm focal plane, which was selected to include a high proportion of horizontally oriented actin bundles. Paradermal sections of adaxial epidermal cells were co-stained with Alexa-488 phalloidin (to label actin; [Fig. 4B](#F4){ref-type="fig"}) and Congo Red (to label WI papillae; [Fig. 5C](#F5){ref-type="fig"}). When the two images were overlaid ([Fig. 5D](#F5){ref-type="fig"}), WI papillae appeared to be proximal to ends of one or more of the short, thin actin bundles in the focal plane (distance between centres of WI papillae and ends of actin bundles \<400 nm). Indeed, a survey of overlay images indicated that 59.1 ± 1.9% (*n*=50) of WI papillae conformed to this spatial interrelationship. The statistical significance of this was tested by simulation for 15 cells (*n*=1000 simulations per cell; see Methods and [Supplementary Table S4](#sup1){ref-type="supplementary-material"} for details). The results showed that such high levels of association were very unlikely to have come about by chance, with *P*-values of 0.004 and 0.001 for two cells and *P*\<0.001 for the other 13. Given the significance observed in these 15 randomly selected cells from the 50 sampled, this clearly demonstrates that the spatial association between short, thin actin bundles and WI papillae is beyond random coincidence. The association between WI papillae and actin bundles was reproduced for the outer periclinal cell wall/cytoplasmic interface (71.1 ± 4%; *n*=50).

These findings collectively indicate that, during TC *trans*-differentiation, actin bundles in the outermost periclinal region of adaxial epidermal cells become fragmented and the resulting short actin bundles form a close spatial relationship with WI papillae.

Actin network remodelling is mediated by plumes of elevated cytosolic Ca^2+^ {#s13}
----------------------------------------------------------------------------

Since plumes of elevated \[Ca^2+^\]~cyt~ define loci at which WI papillae form ([@CIT0019]), and WI papillae and short actin bundles were spatiotemporally correlated ([Figs 2--4](#F2 F3 F4){ref-type="fig"}), we hypothesized that Ca^2+^ plumes could play a regulatory role in remodelling the actin network. To examine this hypothesis, cotyledons were cultured in the presence of nifedipine, a DHP-receptor Ca^2+^-permeable channel blocker, which attenuates formation of Ca^2+^ plumes by blocking cytosolic polarized entry of extracellular Ca^2+^ into the epidermal cells ([@CIT0019]).

Nifedipine halted remodelling of the actin network in 80% of adaxial epidermal cells (compare [Fig. 6B](#F6){ref-type="fig"} with [6A](#F6){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). However, this outcome could have resulted from nifedipine attenuating \[Ca^2+^\]~cyt~-regulated activities of respiratory burst oxidases and producing extracellular reactive oxygen species (ROS; [@CIT0001]), as seen in ROS-induced actin remodelling in pollen tubes and stomata ([@CIT0051]; [@CIT0023]). To address this issue, nifedipine-treated cotyledons were supplemented with an exogenous supply of H~2~O~2~ to ensure that \[Ca^2+^\]~cyt~ was attenuated whilst WI papillae formation driven by ROS signalling was not affected ([@CIT0001]). Under these conditions, only 15% of cells displayed a remodelled actin network ([Fig. 6C](#F6){ref-type="fig"}; [Table 3](#T3){ref-type="table"}); a result comparable to that for nifedipine alone (compare [Fig. 6C](#F6){ref-type="fig"} with [6B](#F6){ref-type="fig"}). These findings demonstrated that remodelling of the actin network was mediated by \[Ca^2+^\]~cyt~.

![Effect of cytosolic Ca^2+^ plumes on remodelling of the actin network in *trans*-differentiating adaxial epidermal cells of cultured *V. faba* cotyledons. Cotyledons were cultured for 15 h in the absence (A) or the presence of (B) 100 µM of the DHP receptor Ca^2+^-permeable channel blocker nifedipine, (C) 100 µM nifedipine plus 10 µM H~2~O~2~, or (D) 500 nM of the plasma membrane Ca^2+^-ATPase inhibitor eosin yellow. The figure shows representative CLSM images of the actin network stained with Rhodamine-phalloidin, located at the outer periclinal cell wall/cytoplasmic interface. The scale bar represents 5 µm.](erx31506){#F6}

###### 

*Effect of Ca* ^*2+*^ *and ROS on actin network remodelling* in trans*-differentiating adaxial epidermal cells of cultured* V. faba *cotyledons*

Cotyledons were cultured for 15 h in the absence/presence of the DHP receptor-type Ca^2+^-permeable channel blocker nifedipine, or nifedipine plus exogenous H~2~O~2~. Data are means ±SE determined from 100 cells per cotyledon and four replicate cotyledons (*n*=4).

  Treatment                                \% cells with remodelled actin network
  ---------------------------------------- ----------------------------------------
  Control                                  80.0 ± 0.5
  Nifedipine (100 μM)                      15.1 ± 1.6
  Nifedipine (100 μM) + H~2~O~2~ (10 μM)   14.6 ± 0.8

To determine whether actin remodelling depends upon the \[Ca^2+^\]~cyt~ signal being spatially organized into plumes, these were dissipated by an eosin block of plasma membrane Ca^2+^-ATPase activity that caused an elevated \[Ca^2+^\]~cyt~ to be spread uniformly throughout the entire cytosol ([@CIT0019]). This treatment elicited actin depolymerization in over 95% of adaxial epidermal cells ([Fig. 6D](#F6){ref-type="fig"}), similar to that imposed by latrunculin B ([Fig. 2B](#F2){ref-type="fig"}). This finding supports the conclusion that Ca^2+^ plumes cause localized actin bundle depolymerization and hence their fragmentation.

A remodelled actin network is required to maintain polarized vesicle trafficking {#s14}
--------------------------------------------------------------------------------

The temporal and spatial remodelling of the actin network correlated with, and was required for, WI papillae construction ([Figs 2--5](#F2 F3 F4 F5){ref-type="fig"}; [Tables 1](#T1){ref-type="table"}, [3](#T1){ref-type="table"}), suggesting that the actin network may function in providing tracks for polarized and localized vesicle delivery to sites of WI papillae construction. To investigate this possibility, transverse sections of cotyledons, either freshly harvested (0 h, control) or cultured for 15 h in the absence/presence of a vesicle-trafficking inhibitor or actin-manipulating chemicals, were stained with FM4-64FX, a membrane-selective fluorescent dye introduced into cells by labelling endocytotic vesicles ([@CIT0004]). To obtain estimates for vesicle fluorescence alone, measured intensity values were corrected for the contribution of fluorescence arising from the plasma membrane using sections of cotyledons cultured on the exo-/endocytotic blocker, BFA (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

After 15 h of cotyledon culture, overall vesicle trafficking activity, as measured by FM4-64FX fluorescent intensity, was enhanced 4.6-fold relative to that of 0-h control cotyledons ([Table 4](#T4){ref-type="table"}). This increase was entirely accounted for by the high fluorescence intensity located in the outer periclinal cytoplasm. When actin network remodelling was disrupted by latrunculin B or jasplakinolide, overall fluorescence of FM4-64FX endocytosed into the cytoplasm was unaffected, indicating the endocytosis was independent of actin. However, fluorescence was redistributed around the adaxial epidermal cells, suggesting that the polarized vesicle trafficking observed in control cells was dependent on a remodelled actin network ([Table 4](#T4){ref-type="table"}). An identical outcome was obtained when actin remodelling was attenuated by blocking Ca^2+^ plume generation with nifedipine ([Tables 3](#T3){ref-type="table"}, [4](#T4){ref-type="table"}). These data support the conclusion that endocytosis was enhanced during WI papillae construction and that the remodelled actin network was required to polarize vesicle trafficking to the outer periclinal cytoplasm of the epidermal cells.

###### 

*Effects of actin network remodelling and cytosolic Ca* ^*2+*^ *plumes on vesicle distribution in* trans-*differentiating adaxial epidermal cells of culturedV.* faba *cotyledons.*

Cotyledons were freshly harvested (0 h, control), or cultured for 15 h in the absence/presence of an endo- and exocytosis inhibitor, Brefeldin A (BFA), an actin depolymerization drug, latrunculin B, an actin stabilization drug, jasplakinolide, or a DHP-receptor Ca^2+^-channel blocker, nifedipine. Thereafter, transverse sections of treated cotyledons were stained with the membrane dye FM4-64FX for 10 min. Fluorescence was measured as total pixel intensities in specified cell regions. These values were adjusted for fluorescence from FM4-64FX located in the plasma membrane using the BFA values (for more details, see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) to provide estimates of cytoplasmic fluorescence. Data are the mean differences ±SE (*n*=4) between mean pixel intensities of 25 cells measured per cotyledon recorded across four replicate cotyledons for the specified treatment minus fluorescence derived from a similar population of cells exposed to BFA. See [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for procedure used to estimate the SE of the difference between two means of unpaired observations.

  Treatment                      Fluorescence intensity (arbitrary units)                         
  ------------------------------ ------------------------------------------ ---------- ---------- ----------
  0 h Control                    43 ± 7                                     0          33 ± 6     76 ± 10
  15 h Control                   385 ± 17                                   25 ± 5     13 ± 4     424 ± 19
  15 h Latrunculin B (100 nM)    184 ± 18                                   121 ± 13   180 ± 15   505 ± 27
  15 h Jasplakinolide (100 nM)   184 ± 25                                   101 ± 10   176 ± 25   461 ± 37
  15 h Nifedipine (100 μM)       165 ± 11                                   111 ± 7    142 ± 8    418 ± 15

Exo- and endocytosis are involved in construction of wall ingrowth papillae {#s15}
---------------------------------------------------------------------------

To assess the influence of exo-/endocytosis on construction of WI papillae, cotyledons were first cultured for 9 h on MS medium to ensure that deposition of the uniform wall layer in their *trans*-differentiating adaxial epidermal cells was completed ([@CIT0019]). They were then subjected to a 4-h pre-treatment at 4 °C in the absence/presence of exo-/endocytosis inhibitors to ensure their penetration, and this was followed by a further 6 h of culture at 26 °C. The putative myosin inhibitor 2,3-butanedione 2-monoxime (BDM; [@CIT0037]) was used to inhibit exocytosis and the generic endocytotic inhibitor Wortmannin ([@CIT0040]) was used to prevent endocytosis. Estimates of vesicle trafficking using FM4-64FX were obtained at the 9 h and 9 + 6 h culture periods, as previously described.

For control cotyledons, the amount of endocytosed plasma membrane declined by 26.5% between 9 and 15 h of culture, and this was accounted for entirely by decreased fluorescence in the outer periclinal cytoplasm ([Table 5](#T5){ref-type="table"}). Potential inhibition of myosin-dependent exocytosis with BDM led to endocytosed vesicles being distributed equally throughout the entire cytoplasm without impacting overall endocytosis ([Table 5](#T5){ref-type="table"}). This suggests there is probably a considerable re-cycling of endocytosed vesicles within the outer periclinal cytoplasm. In contrast, treatment with Wortmannin predictably blocked endocytosis by 86% ([Table 5](#T5){ref-type="table"}). In the presence of either inhibitor, WI papillae formation was diminished ([Table 5](#T5){ref-type="table"}), indicating that it depends upon both exo- and endocytosis.

###### 

*Effect of exo- and endocytosis on vesicle distribution and WI papillae construction in* trans*-differentiating adaxial epidermal cells of cultured* V. faba *cotyledons.*

Cotyledons were cultured for 9 h to ensure deposition of the uniform wall layer (Zhang *et al.*, 2015*d*) prior to transfer to media with/without exo-/endocytosis inhibitors at 4 °C for 4 h, and thereafter for a further 6 h of culture at 26 °C. The myosin motor inhibitor 2,3-butanedione 2-monoxime (BDM) and the endocytosis inhibitor Wortmannin were used. Fluorescence of the membrane dye FM4-64FX was measured as total pixel intensities in specified cell regions, to obtain estimates of cytoplasmic fluorescence. These values were adjusted for fluorescence detected in the plasma membrane alone from measures of cotyledons cultured on Brefeldin A (BFA; for more details, see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Data are means ±SE of pixel intensities of 25 cells measured per cotyledon recorded across four replicate cotyledons for the specified treatment minus fluorescence derived from a similar population of cells exposed to BFA (*n*=100), and means ±SE of percentage of cells with WI papillae determined from 100 cells per cotyledon and six replicate cotyledons (*n*=6).

  Treatment                    FM4-64FX fluorescence intensity (arbitrary units) in   \% cells with WI papillae                         
  ---------------------------- ------------------------------------------------------ --------------------------- ---------- ---------- --------
  9 h Control                  513 ± 26                                               35 ± 7                      0          548 ± 27   57 ± 2
  9 h+6 h Control              364 ± 13                                               20 ± 4                      19 ± 7     403 ± 15   89 ± 3
  9 h+6 h BDM (50 mM)          159 ± 11                                               102 ± 15                    174 ± 12   435 ± 22   59 ± 4
  9 h+6 h Wortmannin (33 μM)   24 ± 7                                                 0                           32 ± 8     56 ± 10    64 ± 3

Differential and epidermal TC-specific expression of key actin-binding and vesicle-trafficking genes coincide with construction of the uniform wall layer or wall ingrowth papillae {#s16}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since actin-independent vesicle trafficking accounts for polarized construction of the uniform wall layer ([Fig. 2G--I](#F2){ref-type="fig"}; [Table 1](#T1){ref-type="table"}), our search focused on genes encoding proteins associated with vesicle trafficking, such as vesicle tethering, docking, or fusion to the plasma membrane ([Table 6](#T6){ref-type="table"}; see [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for expression details of identified genes). The exocyst functions as a vesicle-tethering complex and is comprised of eight subunits ([@CIT0045]) of which a *VfSEC3a/b* isoform and an EXO70 paralog, *VfEXO70H7*, were specifically up-regulated during construction of the uniform wall layer ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Expression of a further three exocyst components, namely another *VfSEC3a/b* isoform, *VfEXO70B2*, and *VfEXO70E1*, remained up-regulated during WI formation ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). VfSNAREs are integral membrane proteins present in both vesicle and target membranes that interact to form a SNARE complex to effect vesicle docking and fusion ([@CIT0012]). Expression of a SNARE member, *VfVAMP722*, met our search criteria ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

###### 

*Transfer cell-specific differentially expressed genes (DEGs) encoding proteins involved in actin remodelling or the endomembrane secretory system during formation of the uniform wall layer and WI papillae in* trans*-differentiating adaxial epidermal cells of cultured* V. faba *cotyledons*

For each DEG, gene ID, annotation, and percentage of amino acid identity of the encoded protein to the Arabidopsis (At) homolog are given. The bioinformatic data are presented in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  DEGs during uniform wall layer formation   DEGS during WI papillae formation                                                                                         
  ------------------------------------------ ----------------------------------- --------- ---- --------------------------------------------- -------------- --------- ----
  **Actin-binding proteins**                                                                                                                                           

  U1054                                      *VfFH8\**                           1G59910   54   U17250                                        *VfFH1*        3G25500   69

  U9176                                      *VfADF1*\*                          3546010   83   CL5671.C2                                     *VfADF3*\*\*   5G59880   79

                                                                                                CL923.C2                                      *VfVLN3*\*\*   3G57410   69

  **Vesicle trafficking**                                                                                                                                              

  Exocytosis                                                                                                                                                           

  CL4811.C4                                  *VfSEC3a/b*                         1G47550   82   CL13784.C1U7468; 10359; 13407; 13408; 13410   *Vfmyosin*\    4G33200   73
                                                                                                                                              *XI-1*                   

  U21554                                     *VfEXO70H7*                         5G58730   46   U12467                                        *VfAGD14*      1G08680   77

  CL4811.C2                                  *VfSEC3a/b*\*                       1G47560   78                                                                          

  U12008                                     *VfEXO70B2*\*                       1G07000   57                                                                          

  U23669                                     *VfEXO70E1*\*                       3G29400   47                                                                          

  U21726                                     *VfVAMP722*                         2G33120   65                                                                          

  Endocytosis                                                                                                                                                          

                                                                                                CL18504                                       *VfDRP1E*      3G6019    80
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\* DEGs sustained across the formation of the uniform wall layer and WI papillae are included in the uniform wall layer gene cohort.

\*\* In specified cases, where encoded proteins are known to be Ca^2+^-sensitive, the criteria for TC-specific differentially expressed genes were relaxed as the Ca^2+^ signal is specific to the epidermal cell (Zhang *et al.*, 2015*a*).

Guided by WI papillae construction being regulated by Ca^2+^-dependent re-modelling of the actin network ([Figs 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}; [Tables 2](#T2){ref-type="table"}, [3](#T2){ref-type="table"}), we identified transcripts of three up-regulated actin-severing proteins. These were two Class 1 formins (*FORMIN-HOMOLGY1*), *VfFH1* and *VfFH8*, and an *ACTIN DEPOLYMERIZING FACTOR*, *VfADF1* ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}; [@CIT0008]). Upon relaxing the search criteria and interrogating the RNAseq database for transcripts of Ca^2+^-activated actin binding proteins, we identified a constitutively expressed actin-severing *ADF*, *VfADF4* ([@CIT0008]), and a group II villin, *VfVLN3* ([@CIT0006]; [Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The absence of Ca^2+^ plumes in the underlying storage parenchyma cells ([@CIT0019]) suggests that elevated actin-binding activity of their encoded proteins would be confined to *trans*-differentiating epidermal cells.

Pharmacological studies demonstrated that polarized vesicle trafficking was dependent upon a remodelled actin network ([Table 4](#T4){ref-type="table"}) and that both exo- and endocytosis contribute to WI papillae formation ([Table 5](#T5){ref-type="table"}). Polarized vesicle delivery along the remodelled actin network ([Table 4](#T4){ref-type="table"}) by myosin to developing WI papillae ([Table 5](#T5){ref-type="table"}) is consistent with the WI papillae-specific up-regulated expression of *VfmyosinX1-1* and a class 4 *ADP-ribosylation factor GTPase-activating domain* (*AGD*) *protein*, *AGD14* ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}; [@CIT0044]). The only detected up-regulated gene encoding a protein involved in exocytosis during WI papillae construction was another *VfSEC3a/b* isoform. This was accompanied by sustained up-regulated expression of other exocyst components, *VfEXO70B2*, *VfEXO70E1*, and a *VfSEC3a/b* isoform ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Endocytotic activity associated with construction of WI papillae ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) was marked by differential regulation of a member of the plant-specific dynamin-related protein 1 subfamily, *VfDRP1E*, which is responsible for severing cargo-containing endocytotic vesicles from the plasma membrane ([@CIT0031]). To test whether the *VfDRP1E* isoform contributed to assembling WI papillae, the catalytic activities of dynamin protein super family members were inhibited by transferring 9-h cultured cotyledons to MS medium containing the dynamin inhibitors dynasore or dyngo4a ([@CIT0026]). Both inhibitors blocked endocytosis ([Table 7](#T7){ref-type="table"}). The absence of any effect by the biologically inactive analogue Dyno Φ ([@CIT0026]) on FM4-64FX accumulation or distribution within the epidermal cells suggests that dynasore and dyngo4a specifically inhibited DRP1E activity to form endocytotic vesicles ([Table 7](#T7){ref-type="table"}). The inhibition of WI papillae formation under these conditions points to DRP1E regulating endocytosis associated with construction of WI papillae.

###### 

*Effect of dynamin activity on WI papillae construction and vesicle distribution in* trans-*differentiating adaxial epidermal cells of cultured* V. faba *cotyledons.*

Cotyledons were cultured for 9 h to ensure deposition of the uniform wall layer (Zhang *et al.*, 2015*d*) prior to transfer to media with/without dynamin inhibitors at 4 °C for 4 h, and thereafter for a further 6 h of culture at 26 °C. The inhibitors tested were two dynamin-family inhibitors, Dynasore and Dyngo 4, and a biologically inactive Dynasore/Dyngo analogue, Dyngo Φ. Fluorescence of the membrane dye FM4-64FX was measured as total pixel intensities in specified cell regions, to obtain estimates of cytoplasmic fluorescence. These values were adjusted for fluorescence detected in the plasma membrane alone from measures of cotyledons cultured on Brefeldin A (BFA; for more details, see [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Data are means ±SE of pixel intensities of 25 cells measured per cotyledon recorded across four replicate cotyledons for the specified treatment minus fluorescence derived from a similar population of cells exposed to BFA (*n*=100), and mean ±SE of percentage of cells with WI papillae determined from 100 cells per cotyledon and six replicate cotyledons (*n*=6).

  Treatment                   FM4-64FX fluorescence intensity (arbitrary units)   \% cells with WI papillae                       
  --------------------------- --------------------------------------------------- --------------------------- -------- ---------- --------
  9 h Control                 520 ± 22                                            24 ± 7                      22 ± 9   566 ± 25   58 ± 3
  9 h+6 h Control             368 ± 13                                            28 ± 7                      23 ± 6   429 ± 22   88 ± 4
  9 h+6 h Dynasore (100 μM)   0                                                   0                           39 ± 7   39 ± 7     62 ± 3
  9 h+6 h Dyngo 4a (20 μM)    36 ± 7                                              0                           27 ± 6   63 ± 9     57 ± 4
  9 h+6 h Dyngo Φ (20 μM)     381 ± 13                                            14 ± 5                      25 ± 8   420 ± 16   86 ± 3

Discussion {#s17}
==========

A remodelled actin network is essential for the construction of wall ingrowth papillae, but not of the uniform wall layer {#s18}
-------------------------------------------------------------------------------------------------------------------------

Prior to induction of *trans*-differentiation of adaxial epidermal cells of *V. faba* cotyledons to a TC morphology, the actin network throughout their outer periclinal cytoplasm was comprised of thick actin bundles arranged parallel to the long axis of the cell ([Figs 2A](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}, [E](#F4){ref-type="fig"}, [G](#F4){ref-type="fig"}; [Table 2](#T2){ref-type="table"}). Upon transfer of cotyledons to culture medium, their adaxial epidermal cells *trans*-differentiated to a TC morphology by depositing a uniform wall layer over the original outer periclinal wall on which WI papillae were assembled ([Fig. 2G](#F2){ref-type="fig"}, [J](#F2){ref-type="fig"}; [Table 1](#T1){ref-type="table"}). During *trans*-differentiation, their actin network underwent fragmentation, with the long parallel actin bundles being replaced by short, thin actin bundles ([Fig. 2D](#F2){ref-type="fig"}; [Table 2](#T2){ref-type="table"}); a similar pattern of actin remodelling occurs in nematode-induced giant cells ([@CIT0010]).

Depolymerization or stabilization of the actin network ([Fig. 2B](#F2){ref-type="fig"}, [E](#F2){ref-type="fig"} and [C](#F2){ref-type="fig"}, [F](#F2){ref-type="fig"}) resulted in selective inhibition of WI papillae formation without affecting deposition of the polarized uniform wall layer ([Fig. 2H](#F2){ref-type="fig"}, [K](#F2){ref-type="fig"} and [I](#F2){ref-type="fig"}, [L](#F2){ref-type="fig"}; [Table 1](#T1){ref-type="table"}). Actin-independent formation of the uniform wall layer, polarized to the outer periclinal wall of adaxial epidermal cells, contrasts with actin-dependent cell wall synthesis in other polarized cell systems, including root tips, pollen tubes, and defense papillae ([@CIT0016]; [@CIT0013]; [@CIT0019]). Perhaps the polarized delivery of vesicles carrying cell wall cargoes to construct the uniform wall layer, independent of trafficking along actin bundles, must rely on a short post-Golgi path (less than 1 µm; [@CIT0019]) combined with the strongly up-regulated expression of genes encoding proteins that control the tethering, docking, and fusion of vesicles to the outer periclinal wall plasma membrane of the adaxial epidermal cells ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

To our knowledge this is the first report of actin-dependent formation of WI papillae in cells developing to a TC morphology. The caveat to this claim is whether suppression of WI papillae formation in nematode-induced giant cells by actin-modifying drugs results from their direct action or indirectly from compromising giant-cell expansion ([@CIT0010]). Overall, actin dependence of the assembly of WI papillae aligns most closely with that observed for formation of wall papillae or appositions as a defense response of epidermal cells to impede hyphal penetration of pathogenic fungi ([@CIT0016]). However, there is a substantive difference in size and cellular organization of these two types of papillae. Diameters of WI papillae of TCs are an order of magnitude smaller than those of defense papillae (380 nm versus 5--10 µm; [@CIT0019] and [@CIT0054], respectively). Moreover, WI papillae of TCs occur in high densities (e.g. 352, 000 WI papillae mm^−2^ of outer periclinal wall of adaxial epidermal cells). Thus, the actin array servicing each WI papilla must, of necessity, be finely organized to regulate their intrusive development into the cytoplasm.

Insights into how the remodelled actin network contributes to assembling WI papillae were deduced from examining the concurrence of the spatiotemporal dynamics of actin bundle remodelling with that of WI papillae assembly. Based on the role that actin bundles play in providing tracks for intracellular trafficking of vesicles, impacts of exo-/endocytosis on WI papillae construction are now discussed.

Spatiotemporal dynamics of actin remodelling during *trans*-differentiation to a transfer cell morphology {#s19}
---------------------------------------------------------------------------------------------------------

The thick, long actin bundles, aligned parallel to the long axis of the epidermal cells, were remodelled during *trans*-differentiation to a TC morphology ([Fig. 7](#F7){ref-type="fig"} Step 1). The first detectable structural manifestation of bundle remodelling was a decrease in their width accompanied by the commencement of fragmentation ([Figs 3B](#F3){ref-type="fig"}, [7](#F7){ref-type="fig"} Step 2). Bundle thinning probably resulted from actin filaments being peeled off the bundles through depolymerization ([@CIT0008]). As found for pollen tubes, root hairs, and nematode-induced giant cells, actin filament depolymerization was probably catalysed by an enhanced activity of VfADF1 and VfFH8 homologs, mediated by a TC-specific up-regulated expression of their encoding genes during WI papillae construction ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}; [@CIT0013]; [@CIT0019]; [@CIT0010]). Subsequent thinning and severance of the long, thinner bundles into shorter fragments ([Table 2](#T2){ref-type="table"}; [Fig. 3C](#F3){ref-type="fig"}, [D](#F3){ref-type="fig"}) closely followed the temporal profile of cells forming WI papillae ([Fig. 3E](#F3){ref-type="fig"}).

![Proposed model of the spatiotemporal relationship between Ca^2+^-dependent actin network remodelling, vesicle trafficking, and WI papillae assembly in cotyledon adaxial epidermal cells *trans*- differentiating to a TC morphology. The figure panels are drawn to an approximately relative scale. Step 1: prior to induction of *trans*-differentiation, long actin bundles are aligned parallel to the longitudinal axis of the outer periclinal cell wall throughout the underlying cytoplasm. Step 2: on induction and deposition of the uniform wall layer, the actin bundles proximal to the outer periclinal cell wall/cytoplasmic interface become thinner and begin to fragment (this diagram is a composite of [Fig. 2B](#F2){ref-type="fig"}, [C](#F2){ref-type="fig"}). Step 3: mediated by plumes of elevated \[Ca^2+^\]~cyt~ that define loci at which WI papillae arise, these processes continue to ultimately produce short, thin actin bundles. Exocytotic vesicles are delivered to developing WI papillae by myosin motors travelling along the short, thin actin bundles. The bundles are oriented horizontally or vertically by \[Ca^2+^\]~cyt~ gradients arising respectively from the flanks or tips of developing WI papillae. Vesicles carrying cellulose and callose synthases are probably delivered to WI papillae tips while pectins and xyloglucans may be delivered to their flanks. Vesicle recycling by actin-independent endocytotic activity occurs, but its location on WI papillae is unclear.](erx31507){#F7}

That actin remodelling is an essential precursor for WI papillae construction ([Fig. 3E](#F3){ref-type="fig"}) is further suggested by the shared regulation of actin bundle severance and WI papillae assembly by a TC-specific rise in \[Ca^2+^\]~cyt~ levels organized into inward-directed plumes ([Table 3](#T3){ref-type="table"}; [Figs 6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"} Step 3; [@CIT0055], [@CIT0057]). This finding is consistent with \[Ca^2+^\]~cyt~ gradients orchestrating the longitudinal organization of actin filament/bundles in root hairs and pollen tubes to drive polarized tip growth ([@CIT0013]; [@CIT0019]). A comparable spatial relationship exists in the epidermal TCs. Here, a declining inward-directed gradient of \[Ca^2+^\]~cyt~ from the outer periclinal cell wall/cytoplasmic interface ([@CIT0019]) corresponded with an increase in longer and thicker actin bundles. Indeed, by 750 nm from the interface, the bundle dimensions and organization were identical to those in epidermal cells before undergoing *trans*-differentiation ([Table 2](#T2){ref-type="table"}; [Figs 4](#F4){ref-type="fig"}, [7](#F7){ref-type="fig"} Step 3).

The strong regulation by \[Ca^2+^\]~cyt~ levels on actin remodelling points to Ca^2+^-activated actin-depolymerizing enzymes exerting predominant control over actin organization in the epidermal TCs. Candidates for these enzymes were the constitutively expressed *VfADF3* ([@CIT0020]) and a group II villin, *VfVLN3*, that, depending upon \[Ca^2+^\]~cyt~, can function to either sever (high \[Ca^2+^\]~cyt~) or bundle (low \[Ca^2+^\]~cyt~) actin filaments ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}; [@CIT0006]). Whether depolymerization and severance of pre-existing actin filaments is the sole source for the turnover of actin bundles is uncertain ([@CIT0008]). In this context, the product of up-regulated expression of *VfFH1* ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) could initiate bundle formation through the known capacity of FH1to nucleate actin filaments, as found for nematode-induced giant cells and pollen tubes ([@CIT0010]; Qu *et al.*, 2016). At the same time, VfFH1 could also act as an anchor to bridge fragmented actin bundles to the cell wall ([@CIT0025]) and hence help to determine the loci of deposition of WI papillae.

Lengths and widths of the shortest actin bundles in the epidermal TCs were two to four times less than those forming the actin fringe of pollen tubes ([Table 2](#T2){ref-type="table"}; e.g. [@CIT0006]; [@CIT0019]). Their shorter lengths could be related to delivering vesicles/organelles to developing WI papillae. Here, horizontally oriented actin bundles would need to fit between adjoining papillae with diameters of 380 nm and spaced at 1.5 µm centre-to-centre ([@CIT0019]). This distance of 1.1 µm corresponds to the lengths of the short actin bundles interfacing with ([Table 2](#T2){ref-type="table"}; [Fig. 5D](#F5){ref-type="fig"}), and possibly anchored by FH1 to, WI papillae (as proposed in [Fig. 7](#F7){ref-type="fig"}, Step 3; [Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}; [@CIT0045]). Moreover, their horizontal orientation corresponds with the gradient in \[Ca^2+^\]~cyt~ located between adjoining Ca^2+^ plumes ([@CIT0019]). Similarly, the vertically oriented actin bundles align with the inward-directed \[Ca^2+^\]~cyt~ gradient that emanates from the tips of developing WI papillae ([Fig. 7](#F7){ref-type="fig"} Step 3; [@CIT0019]). Interestingly, the circular-shaped actin bundles, most proximal to the outer periclinal cell wall/cytoplasmic interface, were organized into rings ([Figs 5A](#F5){ref-type="fig"}, [7](#F7){ref-type="fig"}). Their diameters and distribution patterns suggested that they could enclose each WI papillae ([Figs 5A](#F5){ref-type="fig"}, [7;](#F7){ref-type="fig"}[Table 2](#T2){ref-type="table"}). Ring-like actin bundles, termed aquosomes, have been detected in root hairs and pollen tubes ([@CIT0038]; [@CIT0048]). While the function of aquosomes has not been elucidated, we speculate that those apparently ensheathing the bases of WI papillae could delineate loci for their assembly.

Vesicle trafficking and assembly of wall ingrowth papillae {#s20}
----------------------------------------------------------

Extension of WI papillae from their sites of initiation on the uniform wall layer into the epidermal cytoplasm probably occurs as a progressive accretion of cell wall material deposited at their tips, as evidenced by their cylindrical shape and inner core of whorled cellulose microfibrils orientated perpendicular to the uniform wall layer, embedded in a matrix of polysaccharides and enclosed by a callose sheath ([Fig. 7](#F7){ref-type="fig"} Step 3; [@CIT0043]; [@CIT0046]). This form of development must rely on a finely tuned delivery of secretory vesicles first to multiple discrete loci on the uniform wall layer at which WI papillae are initiated, and thereafter to their tips for further development.

Labelling endocytotic vesicles with the fluorescent styryl dye FM4-64FX ([@CIT0004]) demonstrated that the TC vesicle population was preferentially localized to their outer periclinal cytoplasm. Similar to tip-growth systems, polarized distribution of vesicles was dependent upon a \[Ca^2+^\]~cyt~-regulated remodelling of the actin network that delivered cargos essential for WI papillae assembly ([Tables 4](#T4){ref-type="table"}, [5](#T4){ref-type="table"}; [@CIT0014]). The combined dissipation of polarized vesicle distribution and inhibition of WI papillae assembly by the myosin inhibitor BDM points to vesicles and/or organelles being trafficked along the actin bundles by myosin motor proteins ([Fig. 7](#F7){ref-type="fig"} Step 3; [Table 5](#T5){ref-type="table"}; [@CIT0037]). Significantly, a myosin X1 paralog, *Vf myosin XI-1*, was strongly up-regulated during WI papillae formation ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Interestingly, among the 13 members of the Arabidopsis (At) class XI myosins, At myosin XI-1 is phylogenetically distant, and biochemically distinct, from the other 12 paralogs ([@CIT0032]; [@CIT0015]). The biochemical properties of myosin XI-1 suggest an exclusive function as a regulator of organelle movement/tethering ([@CIT0015]). The TC-specific up-regulated expression of the gene encoding the membrane-localized ADP-ribosylation factor GTPase-activating domain (AGD) protein, *VfAGD14* homolog ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}), could be responsible for vesicle trafficking to specific membrane domains located at the tips of the WI papillae ([@CIT0047]; [@CIT0053]). Collectively, these functions fit nicely with the ubiquitous aggregation of organelles, including Golgi, around developing WI papillae ([@CIT0030]); an organization that is consistent with the intimate spatial relationship between the short actin bundles and developing WI papillae ([Fig. 5](#F5){ref-type="fig"}). As a consequence, post-Golgi vesicle transport to WI tips is exceptionally short compared with vesicle flows in the clear zone of pollen tubes ([@CIT0017]). Tethering and fusion of the trafficked vesicles to the targeted plasma membrane domains of WI papillae could be mediated by up-regulated components of the exocyst complex (i.e. VfEXO70E1 and VfEXO70B2; [Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}) that participates in polarized, spatiotemporal secretion phenomena ([@CIT0045]).

The five-fold increase in endocytotic activity during WI papillae formation, localized to the outer-periclinal cytoplasm ([Table 4](#T4){ref-type="table"}), is consistent with a large membrane surface-area to volume ratio of the vesicles fusing with the pre-existing plasma membrane covering the apical poles of WI papillae, thus requiring retrieval of the excess plasma membrane. Following a similar approach to [@CIT0021], the extent of retrieval of plasma membrane by endocytosis during construction of a WI papilla was estimated to be 61% of the fused membrane (see [Supplementary Computational Information S1](#sup1){ref-type="supplementary-material"}). Because of the substantial contribution to the total volume of a WI papilla by callose synthesized at the plasma membrane , the extent of retrieval by endocytosis during WI papillae formation is less than that determined for root hairs (87%) and pollen tubes (79%; [@CIT0021]).

Endocytotic activity in the *trans*-differentiating epidermal cells appeared to be actin independent ([Fig. 7](#F7){ref-type="fig"} Step 3; [Table 4](#T4){ref-type="table"}). This equates with findings for endocytosis occurring at the tips, but not shanks, of elongating pollen tubes ([@CIT0017]). The increased endocytotic activity during WI papillae formation coincided with the epidermal TC-specific up-regulated expression of the dynamin related protein (DRP) homolog, *VfDRP1E* ([Table 6](#T6){ref-type="table"}, [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). In broad terms, dynamins are a large family of GTPase proteins that mediate tubulation and scission of the endocytosed membrane ([@CIT0011]). DRP1E belongs to the DRP1 sub-family, which is comprised of five members (DRP1A--E) in Arabidopsis. Interestingly, AtDRP1E accumulates in sphingolipid and sterol-enriched plasma membrane microdomains in cold-acclimated Arabidopsis ([@CIT0027]), possibly indicating the operation of a microdomain-associated endocytotic pathway ([@CIT0008]). Consistent with a central role played by endocytosis in WI papillae construction was the finding that the endocytotic-specific blockers Wortmannin ([@CIT0049]) and dynasore analogs ([@CIT0026]) inhibited WI papillae assembly ([Tables 4](#T4){ref-type="table"}, [7](#T4){ref-type="table"}). This points to the bulk of endocytosed vesicles being recycled into the secretory pathway of the *trans*-differentiating epidermal cells ([Fig. 7](#F7){ref-type="fig"}, Step 3; [Table 4](#T4){ref-type="table"}), as found for elongating pollen tubes ([@CIT0049]).

Overall, this study demonstrates that assembly of WI papillae, but not the polarized uniform wall layer, is dependent upon exocytotic vesicle trafficking along a finely organized Ca^2+^-mediated remodelled actin network. In contrast, the significant retrieval of fused membrane by endocytosis is actin independent. Significant unanswered issues that require clarification in future studies include the spatial relationship between exo- and endocytosis and how exocytosed pectins and hemicelluloses move across the callose sheath to reach the inner cellulose core of WI papillae.

Supplementary data {#s21}
==================

Supplementary data are available at *JXB* online.

Table S1. Effects of actin network remodelling and cytosolic Ca^2+^ plumes on vesicle distribution.

Table S2. Key transcripts encoding proteins involved in actin remodelling or the endomembrane secretory system.

Table S3. Key transcripts reported in [@CIT0019]) that do not satisfy the criteria used to select encoding genes in Table S2.

Table S4. Statistical verification of spatial association between actin bundles and WI papillae (including coding for the R software used).

Computational Information S1. Estimation of portion of exocytosed plasma membrane retrieved by endocytosis.
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======================
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Click here for additional data file.
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